Introduction

57
Plant-plant interactions are a determining factor in the structuring of plant 58 communities (e.g., Grace & Tilman 1990; Pugnaire 2011 ) and the nature of these 59 interactions in arid environments has received considerable attention in the literature. 60
After the first observations that the recruitment of many species in arid environments 61 was favoured by a shaded microenvironment located under the canopy of shrubs 62 at different ecological scales (see reviews by Brooker et al. 2007 and Callaway 2007) . 65
On the other hand, the importance of competition in structuring vegetation in arid 66 environments has generated a substantial amount of work showing that in these 67 unproductive environments plants compete intensely for the most limiting resource, 68 water (see reviews by Fowler 1986 and Barton 1992 ), yet have evolved 69 morphological, physiological and demographic mechanisms that allow them to coexist 70 2004). These segments detach easily from the plant allowing recruitment near the 149 mother plant, and presumably also zoochorous dispersal when segments become 150 attached by their spines to animals' skin, feathers or fur. To our knowledge, however, 151 zoochorous dispersal has never been studied/quantified. Cylindropuntia leptocaulis 152 produces hermaphrodite flowers, and globous red fruits. It produces abundant seed in 153 wet years (e.g., ~64 000 seeds ha -1 in 2010) and fails to produce fruit in dry years 154 (Flores-Torres 2013). However, its main form of recruitment in the study zone during 155 the study period was by clonal propagation by means of the rooting of broken stem 156
segments (Flores-Torres & Montaña 2012). Its distribution comprises most North 157
American deserts (Bravo-Hollis 1978). 158
On the other hand, Larrea tridentata (Sesse and Moç. ex DC.) Coville 159 (Zygophyllaceae) is an evergreen microphilic shrub, densely branched from its base, 160 0.6-3 m tall. It is the dominant shrub in all North American warm deserts (MacMahon 161 1979). In the study area, it produces abundant seed in good years (e.g., ~450,000 seeds 162 ha -1 in 2010) and this production is unaffected by the amount of precipitation (this 163 study). Seedling establishment in the study area, however, only occurred during wet 164 years, and we only observed recruitment of new seedlings in 2014 and 2015 (51 and 83 165 individuals respectively), when precipitation was above average. 166
Data collection 167
In June 2008 we labelled 618 individuals of L. tridentata, 314 of them growing 168 in association with C. leptocaulis (henceforth subpopulation LA, or just LA) and 304 169 growing alone (henceforth LS). A similar procedure was followed with 628 C. Griffith (2010) . The rationale for the grouping of individuals into 175 those with and without neighbours is that, in addition to the ability to evaluate the 176 consequences of the interaction (relative to the subpopulation without it) on specific 177 vital rates (survival, growth and fecundity), it is possible to evaluate their joint effect on 178 overall population growth as a measure of fitness. This type of population subdivision is 179 standard practice in human demography when investigating the population dynamics of 180 subgroups, such as races or geographic origins (e.g., Hamilton 2004) . 181
All plants were inside four plots of different sizes located in the vicinity of the 182
Desert Laboratory and covering a total area of 2.6 ha. Marked plants of both species 183
were measured for height and two diameters (major and minor axes), and re-measured 184 in June of every year from 2008 to 2015. In each annual census new individuals, the 185 product of either sexual reproduction (in L. tridentata) or vegetative propagation (in C. 186 leptocaulis) were incorporated to the census, measured, and subsequently monitored as 187 all previously established plants. For each new recruit of C. leptocaulis, the nearest 188 adult plant of the same species was considered its mother plant. This is justified because 189 shed terminal shoots fall directly below the mother plant and our observations suggest 190 zoochorous dispersal is rare. Our observations also indicated that all established plants, 191
(≥ one year-old) were able to shed terminal shoots that clone the genet. This assumption 192 was not necessary for L. tridentata because fecundity (as seedling recruitment) was 193 allocated in proportion to seed production as a function of size (see explanation of seed 194 set and fecundity estimation in the next two sections). Flores-Torres and Montaña (2015) showed that association did not affect fruit 220 production in L. tridentata, i.e., it produces the same average number of fruits whether 221 they were solitary or associated with an individual of C. leptocaulis. Therefore, in 222
October each year the fruits of ten solitary individuals were counted in each size class of 223 L. tridentata. With these data the average number of fruits per individual was regressed 224 against canopy volume, and individual seed production estimated from this regression 225
given each individual's volume and the fact that each fruit bears four seeds. Total annual 226 seed production was then calculated by adding the predicted seed production from these 227 regressions for all reproductive individuals within the study areas, and standardised to 228 seed set per hectare. 229
C. leptocaulis at Mapimí establishes primarily by vegetative propagation 230
(Flores-Torres & Montaña 2012), and we found only two recruits of sexual origin in the 231 seven years of study. Consequently, we assumed that fecundity for this species 232 corresponded to clonal propagation for both CS and CA. The total annual production of 233 rooted stems was calculated by adding up their number over the whole study area and 234 standardising it per hectare. By analogy to seed set, we call this variable clonal set. 235
Population dynamics 236
Asymptotic matrix population models were employed to determine essential 237 demographic properties of the populations in each study year, as well as over the whole 238 study period. The standard matrix population model has the form +1 = , where N 239 represents, in this case, a five-row column vector of abundances in each of the five 240 stages defined above for each species at two successive times, t and t+1, and A is a 5 x 5 241 matrix whose coefficients, aij, represent the demographic contributions that an 242 individual in size class j makes to size class i over the time interval t to t+1 (Caswell 243 2001). The aij coefficients were of four types: probability of permanence in the same 244 stage, probability of transition to further stages of the life cycle, probability of transition 245 to previous stages of the life cycle, and individual fecundity, all measured over an 246 annual interval. These coefficients were calculated for each stage, subpopulation and 247 species for each year of study. Except for fecundity, these coefficients were simply the 248 pooled matrix (from data from all seven periods pooled together) were constructed for 264 each subpopulation. In order to prevent non-convergence of matrix models in years 265 without recruitment, which does not permit estimation of some parameter values, the 266 establishment of a single recruit was assumed. Similarly, to avoid the absence of 267 mortality (i.e., survival=1) in the last stage, which inflates longevity, an additional dead 268 individual was assumed. With fecundity and mortality having opposite effects on 269 population growth their minimal increase resulted in differences in the estimated rate of 270 population growth between observed and altered matrices in the thousandths (e.g., from 271 =0.99417 without alteration to =0.99371 when modified for the CA population in 272
2008-2009
). This is congruent with the level of precision obtained from a total sample 273 size per population of ~300 individuals. The assumption of one recruit was not 274 necessary for the pooled matrices because recruitment occurred in one or more years. 275
However, one dead adult in the last age category was assumed to have occurred in one 276 year for L. tridentata because no deaths occurred in the last stage of this species in 277 either condition throughout the seven year study period. 278
Projections for annual and pooled matrices were carried out employing the 279 program STAGECOACH (Cochran & Ellner 1992). In addition to the finite rate of 280 population increase (λ=e r , r is the intrinsic rate of population increase) and its 281 corresponding right and left eigenvectors (equivalent to the stable stage distribution and 282 the reproductive value distribution, respectively), the program calculates sensitivity and 283 elasticity matrices, plus the expected age-specific survival and fecundity schedules, life 284 expectancy at birth (L, the expected lifespan), and average age of the parents of a cohort 285 (Ā), among other age-related parameters. The STAGECOACH output was then 286 employed to determine the elasticity of λ to changes in each of the basic vital rates 287 embedded in the matrix coefficients (survival σ, growth γ, retrogression ρ and fecundity 288 or recruitment φ) following the method outlined by Franco and Silvertown (2004) . 289
Statistical analyses 290
Comparison of individual parameters, such as seed set/clonal set and population 291 growth rate (λ) as functions of precipitation and factor subpopulation (associated or 292 solitary) were subject to regression and ANCOVA in SPSS 23 (IBM 2016) . 293 294
Results
295
L. tridentata's seed-set did not correlate with rainfall and did not differ between 296 the two subpopulations (precipitation effect F1,11 = 0.2, P = 0.67; subpopulation effect 297 13 F1,11 = 0.003, P = 0.96; Fig. 1A ). On the other hand, clonal production (clonal set) in C. 298 leptocaulis correlated with precipitation and the slope did not differ between 299 subpopulations at P=0.05 (precipitation effect F1,12 = 17.5, P = 0.001; interaction 300 subpopulation x precipitation F1,12 = 2.9, P = 0.12; Fig. 1B) . 301
In L. tridentata, the relationship between annual λ and total annual precipitation 302 was positive ( Fig. 2A; The positive relationship between annual λ and total annual precipitation for C. 311 leptocaulis better fitted a power model than a linear one (Fig. 2B) , with a significance 312 difference in the power coefficient ("slope") between λCA and λCS (ANCOVA of log(λ) 313 vs. log(rainfall) including intercept, rainfall effect: F1,11 = 14.28, P = 0.003; 314 subpopulation effect: F1,11 = 3.86, P = 0.075; ANCOVA excluding intercept which did 315 not show difference in the first model, rainfall effect: F1,11 = 6.01, P = 0.032; sub-316 population effect: F2,11 = 18.92, P < 0.001). The λ of the pooled matrices indicated that 317 subpopulation CS would tend to decrease while CA would tend to grow (λCS = 0.939 318 and λCA = 1.032), and the average of the predicted individual year's λs gave lower 319
estimates that slightly accentuated their difference (λCS = 0.868 ± 0.054, λCA = 1.007 ± 320 0.071). When looking at the changing value of the projected rate of population increase 321 for each year of study, in years when λ ≤ 1, λLS ≤ λLA (Fig. 2C) , but when λ>1, either 322 subpopulation could have larger λ. On the other hand, λCA > λCS < 1 in all years (Fig.  323   2D) . We did not attempt to evaluate the statistical differences between the long-term λ 324 values between each species subpopulations for either species because their correlation 325 with rainfall means a significant proportion of the year to year variance was due to this 326 correlation, not to stochastic variation. That is, variation was not random noise or error 327 in the determination of λ, but deterministic variation driven mostly by differences in the 328 abundance of the limiting resource. Thus, the significance (or lack of) of their 329 differences, assuming that their variation represents random noise, is irrelevant to the 330 question of how resource abundance affects their population dynamics: it does. 331
The elasticity analyses of the pooled matrices showed a consistent pattern of 332 vital rate contribution for both species with survival contributing between one and two 333 orders of magnitude more than growth, retrogression and fecundity to changes in 334 population growth rate (Fig. 3 A & B) . The most striking differences were those 335 between the two subpopulations of C. leptocualis in the elasticities of retrogression and 336 fecundity, which were lower and higher, respectively, when associated to L. tridentata. 337
Of note also was the lower elasticity of growth, retrogression and fecundity in LA 338 compared to LS. Finally, compared to their corresponding solitary conspecifics, there is 339 a contrasting pattern of change in elasticity throughout the life cycle, continuously 340 increasing in LA and decreasing in the adult stages of CA (Fig. 3 C & D) . The stable 341 stage distributions for the two associated subpopulations of L. tridentata and C. 342 leptocualis followed a similar pattern to that of their elasticities (Fig. 4 A & B) . 343
The projection of life table schedules from the pooled matrices revealed that life 344 expectancy at birth, which we took as the maximum expected lifespan (L), was almost 345 an order of magnitude larger for L. tridentata (LLA, = 406 years, LLS = 177 years) than it 346 was for C. leptocaulis (LCA, = 46 years, LCS = 33 years; Fig 5) . Association with the 347 other species produced lower early survival and larger late survival in L. tridentata (Fig.  348 5A), but a consistently higher survival throughout the whole life cycle for C. leptocaulis 349 (Fig. 5B) . Fecundity was higher for isolated than for associated L. tridentata (Fig. 4C) , 350 with the opposite pattern and wider differences between associated and solitary 351 individuals for C. leptocaulis (Fig. 5D) 
Discussion
357
Population growth 358
Our seven years of detailed demographic information allowed us to conclude 359 that Cylindropuntia was dependent on Larrea to remain viable (r = ln(λ) ≥ 0). Without 360 the protection afforded by Larrea in the early stages of Cylindropuntia's life cycle, the 361 latter would tend towards extinction (Fig. 2) . In contrast to Yeaton's (1978) 
assertion, 362
there was no evidence that Cylindropuntia would drive the population of Larrea 363 towards extinction, as it was capable of maintaining long-term positive population 364 growth with or without the presumed competition exerted by Cylindropuntia (Fig. 2) . In 365 particular, clonal recruitment played a significant role in the maintenance of viable 366 population growth in CA whose total number of clonal recruits over the seven years of 367 study were 403, while those in CS were 84. Most of the CA clones were recruited under 368 their mother plant, thus not influencing the status of LA. These and those under or near 369 CS had a large mortality which resulted in the low successful recruitment under LS 370 mentioned in the methods section. Nonetheless, CA maintained higher fertility 371 (expressed as clonal recruitment) than CS (Fig. 5D) . Sexual (seedling) recruitment of 372
Cylindropuntia was infrequent and depended on sufficient water for fruit production and 373 germination (Flores-Torres & Montaña 2012 Montaña , 2015 . We only observed two seedlings of 374 this species over the seven year period, and the species failed to produce fruits in the 375 two driest years. As in species of Opuntia (under which it was previously classified), the 376 For Larrea, the opposite was true, with fertility being higher in LS than in LA 380 (Fig. 5C) . Larrea, which did not show a seed set response to resource abundance ( during the study period. Cyclical dynamics demands that Cylindropuntia kills its host in 387 a large proportion of cases (Table 2 in Yeaton 1978), but this was not the case in our 388 seven-year study. In fact, Larrea survived better when in association with 389
Cylindropuntia. These differences in mortality were reflected in their projected 390 longevities, which followed the order: LA > LS > CA > CS, with the first being over an 391 order of magnitude longer than the last (Fig. 5A & B) . Clearly, Larrea outlives 392
Cylindropuntia by an order of magnitude, especially when in association. 393
Elasticity 394
As in other shrubs of arid zones Golubov et al. 1999 ; 395 (Fig. 3A) . For Cylindropuntia, the main benefit of the association was Elasticity also emphasised the increasing contribution of adults in LA, compared 407 to the relatively constant contribution of all adult stages in LS, and the importance of 408 early life cycle stages in CA and late stages in CS. These patterns are to a certain extent 409 mirrored in the projected stable stage distributions (Fig. 4) , which show the relative 410 abundances expected at demographic equilibrium when employing all seven years' data 411 At stable stage distribution, LS would be dominated by younger individuals 443 while LA would be dominated by individuals in the largest stage (Fig 4) , which is 444 reflected in their corresponding expected lifespan -shorter in LS and longer in LA (Fig.  445   5) . Young Larrea do not provide sufficient protection from the sun and are therefore not 446
All these studies demonstrate that, in order to understand the conditions that 496 allow coexistence, and thus characterise each species unique niche, it is necessary to 497 elucidate the changing nature of the interaction with ontogeny, the plasticity of the 498 relative contribution of demographic parameters to fitness (as measured by λ), and, 499 crucially, the influence of variation in the abundance of the limiting resource. 500
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